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Abstract 

Mapping of epitopes is a crucial step for the study of immune pathways, the engineering of vaccines and the development of 
immunoassays. In this work, the Bacillus licheniformis (^-lactamase Bla? has been engineered to display heterologous 
polypeptides in a permissive and nop \\ hen combined with plu 

epitope mapping by cloning random gene fragments. The procedure presented in this paper allows the selection of large infectious 
phage libraries with high diversity and efficient (3 -lactamase activities. A useful aspect of the proposed technique results from the 
possibility of using the |3 -lactamase activity carried by phages to evaluate the proportion of immobilised phages during the 
successive enrichment steps of the library or competition experiments with the selected phages. Another advantage of the technique 
derives from the fact that the epitope is selected as a bifunctional hybrid protein, which can be overproduced and purified. The 
resulting recombinant s u pe with a specific and efficient enzymatic activity. This constitutes an original tool 

for lmmunoassii d relopment \ virus influenza Jen ii ism nt Ssbi in hi be n en ikd ith 

and used to identify a linear epitope. 
© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 

to study 

protein 'Heme nr ees.x vn - .w.eseJeee ;o bus rechnique, 
pcplidc.-. peeee; - -e pes e ee.e eer; e> ere expressed at 

The advantage of this system rests with the physical link 
- expressed at the 
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r-mcul c,Ln « (M Galleni). 

1 Both authors contributed equally to the work. 



surface of the phage and the corresponding nucleotide 
sequence cloned into the phagemid genome. The ability 
of each phage to replicate individually and to display a 
specific polypeptide on its surface permits high-through- 
put screening of libraries of variant nucleotide sequences 
with diversities up to 10 fi to 10 10 . As a consequence, 
phage display has contributed to major advances in 
immunology, cell biology, drug discovery and pharma- 
cology (Clackson et al., 1991 ; Lowman and Wells, 1 993; 
Willats, 2002: Wang and Yu, 2004). 

Presently, various phage display strategies have been 
developed to simplify epitope-mapping. These strate- 
gies are based on the display of random peptides (Smith 
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Table 1 






Sequence of the oligonucleotides used in 1 


his study 




0 igonuc eoti es 




Nuc eoti c sequences (5 - ) 


5/aPApall 




AGTGCACAGTCTAACAATCAAACCAATGCCTCGCAACCT 






TCTGCGGCCGCACGCCCCTCAATCCCTTTGCCGTTCATGTTTAAGGCTTTCAT 






GAGCTCAGGCCTCTAACAATCAAACGAATG 


BlaPSma- 




CCCGGGATCTTCAAGTGCAAAGGCTCGAAGGCT 


BlaPSma+ 




CTTGAAGATCCCGGGAAACTTCCAAGTGAAA > 


BlaPEcoM 




GAATTCTTATTTTCCGTTCATGTTTAAGGCTTT 


HA1+ 




CAAGACCTTCCAGGAAATGACAACTCGACAGCAACGCTGTGTCTGGGACAT 


HA 1 - 




AGTTTGTTTCTCTGGTACATTCCGCAT 






TATCCGTACGACGTACCAGATTACGCG 



and Scott, 1 993; Zwick et al., 1 998) or Dnasel-generated 
overlapping gene fragments (Van Zonneveld et al, 
1995; Wang et al, 1995) and the subsequent affinity 
selection on immobilised monoclonal (Scott and Smith, 
1990) or polyclonal antibodies (Williams et al, 1998). 
In the case of random peptides, phage display leads to 
the selection of peptides which can be epitopes from the 
natural protein or mimotopes-peptides that bind tightly 
to the screening antibodies but bear no obvious identity 
to the native epitopes (Rodi and Makowski, 1999). 
Consequently, the assignment of the native epitope in 
the primary and/or tertiary structures of the antigen can 
be problematic and additional convergent evolutionary 
studies must be performed to unravel the protein 
interaction network. The phage display of Dnasel- 
generated overlapping gene fragments constitutes a 
good alternative to the display of random peptides 
because it refers directly to the natural amino acid 
sequence of the antigen. Gupta et al. (1999) have 
described a simple and efficient system for epitope 
mapping 

ments into an esp iiip-based phage 

display vector. 

Another interesUiK' -pp- .,:rh been described by 
Legendre et al. (1999). These authors describe the 
utilisation of the dss., r LM-\ iv-lacramase as a 
scaffold for prote 

identified two loops near the active site of the enzyme 
in which small peptides (si) s) could be 

inserted, replacing one or three codons of the TEM-l 
gene i of mutated 

loops was also tested to increase the diversity of the 
library. In this way, they displayed libraries of hybrid |'>- 
lactamases and selected them for affinity towards 
specific targets. Allosteric regulations (inhibition or 
•i) of the enzymatic activity were observed for 
some of the hybrid proteins upon interaction with their 
specific targets (Legendre et al., 1999). In this 
application, several steps of affinity maturation were 



required to I ' -i constants into the 

micromolar to nanomolar range. Maturation was per- 
formed both on the v the scaffold 
peptides (six 
favouring hybrid [S-lacta- 
mases vhieh keep th ,••>,' > -tries, might 
reduce the chance to map native epitopes. In the case 
of conformational linear epitopes, this implies that the 
^-lactamase constitutes a good scaffold which can 
display the random peptide in the native epitope con- 
formation. For non-linear epitopes, the procedure of 
Legendre et al. (1999) offers the possibility of com- 
bining libraries in which random peptides are displayed 
in two different loops of the TEM-l (J-lactamase. 
Nevertheless, this approach suffers from the same draw- 
backs as all phage display procedures of random 
peptides in the assignment of amino acids that are 
involved in the interaction with the antibody.On the 
basis of their structures and mechanisms, four molecu lar 
classes (classes A, B, C, and D) of [J-lactamases are 
recognised; three of these (classes A, C, and D) 
comprise active-site serine enzymes, and one (class B) 
is composed of zinc-dependent ("EDTA-inhibited") 
enzymes (Matagne et al., 1999). Class A(p>-lactamases 
share similar 3D structures characterised by all a and al 
P> domains (Fonze et al, 1 995, 2002). BlaP is a natural 
protease-sinsensitive class A fS-lactamase that has been 
isolated from Bacillus licheniformis, a gram-positive 
bacterium that secretes various and numerous proteases 
(Filee et al., 2002; Brans et al, 2004; Veith et al., 1 994). 
Attempts to express TEM-l in different prokaryotes 
have been reported in the literature. These studies 
indicate that expression of TEM-l often failed due to a 
high sensitivity to proteases (Wu et al, 1991). In 
contrast to TEM-l, BlaP can be overexpressed in many 
different microorgan '•' < t li. B. subtilis and 
Streptomyces. 

Previously, we have identified a permissive surface 
loop in TEM-l which is located between a-helices 8 and 
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9 far from the active site (Fig. 1) (Ruth et al., 2005). This 
loop can accommodate long polypeptides (up to several 
hundred amino acids). The resistance to (i-lactams 
is used to select bacteria that express functional hybrid 
^-lactamases. According to our data, expression assays 
in E. coli pro tease-deficient strains reveal that some 
insertions into TEM-l are non-permissive not because 
of a misfolding of the | '.-lactamase but due to the 
• of the hybrid proteins to proteases. 
It is suggested that the insertion of polypeptides induces 
some minor conformational changes, which expose 
embedded protein regions to proteases. This contributes 
to reduce the production yield of hybrid proteins and to 
limit the diversity of polypeptides that can be displayed 
in the (^-lactamase. In this study, we have inserted blunt- 
end gene fragments in the DNA sequence encoding the 
TEM-l corresponding loop of the protease-resistant 
class A BlaP (i-lactamase. By using phage display, we 
have evaluated this approach for making a virus 




Fig. 1. Tertiary structures of the TEM-l (A) andftfaP (B) ^-lactamases. 

this study. 



influenza hemagglutinin (HA I) gene fragment library 
and selecting an epitope recognised by a high affinity 
monoclonal antibody against HA 1 . 

The results show that a procedure alternating 
successive . 



phage-infected cells in the presence of ^-lactams 

permits the selection of bifunctional hybrid (i-lacta- 

mases that - „-t ligand and 

good enzymatic parameters. We al 

hybrid proteins can be successfully implemented in 

immunoassays. 

2. Materials and methods 

2.1. Construction of epitope display phage fdTet 
BlaP/Smal 

• 1 .implifiedin 

a three-step procedure from genomic DNA of Bacillus 
licheniformis with primers 5/aPApalI, 5/aPSma- 
5/aPSma+ and 5/aPNotI (Table I ). Primers 5/aPApalI 
and 5/aPNotI created restriction sites suitable for 
cloning in fd-Tet-Dogl. Primer 5/aPNotl also intro- 
duced a heptapeptide (Gly-Ile-Glu-Gly-Arg-Ala-Ala- 

Ahi) betv e< n 1 N 

terminus of pin. This heptapeptide corresponds to a 
Factor Xa cleavage site that can be used to elute the 
phages from the solid phase during affinity capture. The 
final PCR product was cloned into pGem T-easy and the 
nucleotidic sequence was verified by dideoxy sequenc- 
ing. The gene encoding Bla?ISmal was restricted by 
Apall and NotI and subcloned in the corresponding sites 
of fd-Tet-Dogl. (Clackson et al., 1991) to yield fdtet 
BlaP/Smal. 

2.2. Preparation ofHAl gene fragments 

This procedure was performed as described by Gupta 
et al. (1999). Briefly, the HA I coding sequence was 
PC R-amp lined using Taq DNA polymerase from a 
pGem T-easy HA 1 plasmid with primers HAI+ and 
HAl- and purified on a GFX™ gel band purification kit 
(Amersham). The DNase shotgun cleavage kit (Nova- 
gen) was used to produce overlapping gene fragments in 
the range of 50-300 bp. The gene fragments were 
successively purified on a QIAquick™ nucleotide 
removal kit (Qiagen), repaired using Pfu polymerase 
(Promega) and purified again on a QIAquick™ 
nucleotide removal kit. The end-repaired gene frag- 
ments were dephosphorylated using calf intestine 
phosphatase (Boehringer) and purified on a QIAquick™ 
nucleotide removal kit. 
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2.3. Construction of fdtet BlaP/HAl gene fragments 

library 

The HAl gene fragments were ligated in the Smal- 
digested fdtet BlaYISmal using reagents from the pCR- 
Script Cloning Kit (Stratagene) except that Srfl was 
replaced by Smal. The ligation was carried out overnight 
at 18 °C. Enzymes were inactivated at 65 °C for 10 min. 
The ligation product was dialysed against water and used 
for electroporation in E. coli TGI (Stratagene). Electro- 
transformed cells were regenerated in SOC medium for 
1 h at 37 °C and plated on LB agar medium supplemented 
with 7.5 ug ml" 1 tetracycline and 1 0 ug ml" 1 ampicillin. 

2.4. Phage preparation 
The transi 

liquid medium supplemented with 7.5 u,g ml" 1 tetracy- 
cline and 10 |ig ml -1 ampicillin. Phages were amplified 
at 28 °C for 16 h and recovered from the culture 
supernatant by two polyethylene glycol precipitations. 

i a 0.45 (im 

filter was performed to eliminate membrane fragments. 
Phages were suspended in TBS (50 mM Tris, 150 mM 
NaCl at pH 7.4) and the phage concentration was 
estimated by measuring the absorbance at 265 nm. 

2.5. Affinity selection 

Biopanning was realised in Ylaxisorp ! microplate 
strips (Nalge Nunc International). One microgram of rat 
monoclonal anti-HA (Roche) diluted in carbonate buffer 
(50 mM NaHC0 3 , pH 9.6) was coated per well for 1 6 h at 
4 °C. After washing with TTBS (TBS with 0.5% Tween 
20), wells were blocked with 10 mg ml" 1 BSA in TTBS 
for 1 hat 37 °C. Then 10° phages (100 ul of 1 nmOD 265 ) 
were 

Unbound phages were rem»y- ce I y successive washings 
with TTBS and bound phages were eluted in 25 mM 
glycine-HCl buffer (pH .'. eluate was 

transferred to a tube and neuT, 

(pH 8). The eluted ph:. ifecting log 

phase E. col ted as tet R 

and amp R transduction units (TU) using TGI. 

' ' 

Phage proteins were denatured at 100 °C in the 
presence of denaturating buffer and separated by SDS 
PAGE I ere electroblotted onto a 

lidene difluoride (PVDF) membrane. Immuno- 
blot analysis using polyclonal \mi\-Bhi? rabbit anti- 



bodies and detection of rabbit antibodies on blots were 
carried out using goat alkaline phosphatase-conjugated 
anti-rabbit antibodies (BioRad) and a colour reaction 
with 5-bromo-4-chloro-3-indoyl phosphate and nitro- 
blue tetrazolium, as instructed by the manufacturer. 

2.7. PGR screening 

The indr lecked by PGR for the 

presence of a cloned HA 1 gene-fragment into the BlaP 
gene (primers />wfscer..cy .,;k; ,e:V/P\/:<s/R.l ). PCR 
fragments larger than 400 bp confirmed the presence 
of an insert in BlaP. A second PGR was done to verify 
the presence the u, < w >e : ,;;c sequence encoding the 

epitope :v'..-,'.r:!i.'-.;. : . ..he re esicUwal ami i'l/i in the 

' ' ■ «RJ i. 

2.8. Phage ELISA 

The analysis of the phages binding properties was 
performed as described for affinity selection except that 
elution was replaced by a revelation step. Two pro- 
cedures were compared. The first uses a horseradish 
peroxidase c -Ml 3 MAb (Amersham) and 

ise activity 

carried by the phages. 

The anti-Mi 3 monoclonal antibody was diluted 2500 
times in TTBS supplemented with 10 mg ml -1 BSA and 
incubated in the wells for 1 h at 37 °C. Unbound mono- 
clonal antibodies were removed by three washes with 
TTBS and one wash with TBS. ABTS [2,2'-azinobis(3- 
ethylbenzthiazoline-6-sulfonic acid] (0.2 mg ml -1 final) 
in 50 mM citric acid (pH 4) was used as substrate to 
measure immobilised peroxidase activity at 405 nm. 

. as measured 

by following the hydrolysis of 100 uM nitrocefin in 
50 mM phosphate buffer pH 7.5 at 482 nm. 

2.9. Cloning of hybrid fi-lactamase encoding gene in 
pNY expression vector 

The gene encoding the bifunctional hybrid protein of 
interest was PCR amplified from purified phagemide 
with primers BlaPSacl and BlaPEcoRA. Primers BlaP 
Sad and BlaPEcoJU create restriction sites suitable for 
cloning in pNY. Primer BlaFSacl creates a restriction 
site that puts the gene of interest in frame with a 
sequence encoding a secretion signal sequence. Primer 
BlaPEcoRL also introduced a polyhistidine that could 
be used to purify the protein on M-PDC-4FF (Affiland). 
The final PCR product was cloned into pGem T-easy 
and the nucleotidic sequence verified by dideoxy 
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sequencing. The gene encoding the bifunctional hybrid 
protein was restricted by Sacl and EcoKL and subcloned 
in the corresponding sites of pNY. Plasmid pNY is an 
E. coli fully constitutive expression vector. 

2.10. Bifunctional hybrid ji-lactamase purification 

To achieve production of the bifunctional hybrid 
proteins, E. coli JM109 transformed with pNY BlaP HA 
was grown in Terrific Broth supplemented with 75 ug 
ml -1 spectinomycin at 37 °C. Cells from an overnight 
culture (1 1) were harvested by centrifugation (9000 xg 
for 15 min) and resuspended in 40 ml of TES (20% 
sucrose, 30 mM Tris-HCl, 5 mM EDTA, pH 8) at 
37 °C. The bacterial suspension was stirred at 37 °C for 
10 min. 

for 1 5 min) and the pellet resuspended in 40 ml of 5 mM 
MgS0 4 at 4 °C. The bacterial suspension was stirred at 
4 °C for 10 min. The supernatant containing the 
periplasmic proteins was harvested by centrifugation 
(13,000 xg for 20 min) and diluted with three volumes 
of 50 mM Tris-HCl (pH 7.5). The periplasmic proteins 
were loaded onto a Q-Sepharose Fast-Flow (Pharmacia) 
equilibrated with 50 mM Tris-HCl (pH 7.5). The 
proteins were eluted using a NaCl linear gradient (0- 
1 M) in 50 mM Tris-HCl (pH 7.5). The fractions 
containing the major p>-lactamase activity were collect- 
ed and pooled. In the second purification step, the 
pooled fractions were dialyzed against 50 mM phos- 
phate (pH 8) at 4 °C and loaded onto a M-PDC-4FF 
column (Affiland) equilibrated in 50 mM phosphate (pH 
8). The column was successively washed with 2 M NaCl 
and 50 mM phosphate (pH 8) supplemented with 
10 mM inml. > . t ■ 1 

eluted by an imida/f bent (0-500 mM) in 

50 mM phosphate (pH 8). Fractions containing the 
punHetl bifunetiona! hybrid pr r.rris were pooled and 
dialyzed against PBS (50 mM phosphate, 150 mM 

NaCl, pH 7.4). 

„,?.. //. 

Titration assays were performed in Maxisorp® 
microplate strips (Nalge Nunc International). Increasing 
amounts of rat monoclonal anti-Z£4 (Roche) diluted in 
carbonate buffer (50 mM NaHC0 3 , pH 9.6) were coated 
for 16 h at 4 °C After washing with TTBS (TBS with 
0.5% Tween 20), wells were blocked with 10 mg ml 1 
BSA in TTBS for I h at 37 °C. Bound monoclonal anti- 
HA was detected with 50 ng of purified BlaP HA in 
10 mg ml" 1 BSA in TTBS for 1 h at 37 °C. Unbound 
BlaP HA was removed by three washes with TTBS and 



one wash with TBS. The immobilised [5 -lactamase 
activity (AAbs/A^) was measured by following the 
hydrolysis of 100 uM nitrocefin in 50 mM phosphate 
buffer pH 7.5 at 482 nm. The dissociation constant (K d ) 
of the BlaP HA anti-HA MAb complex was determined 
according to the ELISA protocol of Friguet et al. ( 1.985). 
The BlaP HA concentrations that yielded a linear signal 
with 1 ug of coated anti-HA MAb were determined by 
following the immobilised fl -lactamase 
described above. A linear response for BlaP HA was 
obtained between 0 and 9.8 nM. In the assays, the 
percentage of BlaP HA bound to the immobilised anti- 
//,) MAb was below 2.5"" of the tola! amount of hybrid 
protein added in the well to avoid modification of the 
eqoihbrooo or --,0. ..or; or- d.ireroooc the K th various 
concentrations of ti t r \t were preincubated 

with 4.89 nM of BlaP HA. After equilibrium was 
reached (1 h at roo ie concentration of 

free BlaPHA in each sample was determined with the 
help of anti-i£4 MAb-coated microplates as described 
above. The fJ-lactamase activities were plotted versus 
the concentration of free anti-HA MAb mixed with 
BlaPHA. The titration curve obeys the following 
equation: 

A 2 {E} 0 +A(A 0 [L] 0 +A 0 K d -Ao[E] 0 )-A 2 0 K d = 0 

where [E] 0 is the initial concentrations of BlaP HA, [L] 0 
is the total concentration of anti-HA MAb in solution, 
K d is the dissociation constant, and A 0 and A are the 
activities measured on coated anti-7£4 MAb before or 
after preinu 

The ^T<i was deduced by fitting the experimental points 
to the equation given above. 

2.12. Kinetic studies 

The kinetic parameters of the ^-lactamase activity 
earned by phages and of the purified bifunctional hybrid 
^-lactamases were determined using nitrocefin in 
50 mM phosphate buffer at pH 7. The initial rate of 
hydrolysis was monitored at 482 nm. The values ofK m 
and k cat were calculated by fitting the data to the Henri- 
Michaelis equation and its linearised form according to 
the Hanes transformation. 

2.13. ELISA 

The ELISAs were realised using Maxisorp*' micro- 
plate strips (Nalge Nunc International). Increasing 
amounts of purified BlaPISmol or BlaP HA diluted in 
carbonate buffer or PBS were coated for 16 h at 4 °C. 
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(A) 




(B) 



Tyr Ser His Ser Ala Gin Ser Aan Asn Gin 
tat tct cac agt gca cag tct aac aat caa 



ptllss 
\/ 



(C) 



Ala Leu Glu Asp Pro Gly Lys leu Pro ser 
cct ctt gaa gat ccc ggg aaa ctt cca agt 



Insertion site 
\ / 



(D) 



Met Asn Gly Lys Gly lie Glu Gly Arg Ala Ala Ala Glu thr Val Glu 
atg aac ggc aaa ggg att gag ggg cgt gcg gcc gca gaa act gtt gaa 
>• ► ► 

blaP/Smal Spacer/Fxa pi I I 

, , w ; , 



F\-j 1 Epifop. 1 niiLleotiJic H-.iwme vodn. . Hint' 

tide sequence coding for the MjP-pIII junction. 

Bat ; >it< , . Factor Xa protean 



The direct measurement of the immobilised ^-lacta- 
mase activity after coating was done by following the 
hydrolysis of nitrocefin (100 uM) in 50 mM phosphate 
buffer (pH 7.5) at 482 nm after three washes of the plates 

with PBS. 

For ELISA titration of coated ^-lactamase, wells 
were blocked with 10 mg ml" 1 BSA in PBS for 1 h at 



37 °C. The horseradish peroxidase conjugated anti-fM 
MAb (Roche) was diluted 500 times in PBST (PBS 
0.05% Tween 20) supplemented with 10 mg mf 1 BS A 
and incubated in the wells for 1 h at 37 °C. Unbound 
monoclonal antibodies were removed by three washes 
with PBST and one wash with PBS. Peroxidase activity 
was measured as above. 



A. Chevigne et al. / Journal of Immunological Methods 320 (2007) 81-93 



/>, ifros.c ■ 

3.1. Engineering of epitope display fdTet BlaP/Smal phage 

FdTet BlaP/Smal phage carries the nueleotidic se- 
quence coding for the engineered class A BlaP/Smal fi- 
lactamase that is displayed at the surface of phage particles 
in fusion with the minor coat pHI protein (Fig. 2). The gene 
encoding BlaP/Smal was obtained by insertion of two 
codons (CCC-GGG), corresponding to a Smal restriction 
site and coding for the dipeptide Pro-Gly, between 
residues Asp211 and Lys212 ofBlaP [3-lactamase. 

E. coli TGI transformed with fdTet BlaP/Smal are 
resistant to tetracycline (7.5 jag ml" ! ) but can also grow in 
the presence of ampicillin (10 ug mF 1 ). These character- 
istics offer the opportunity of a positive selection of 
functional hybrid (3-lactamases during the construction of 
phage libraries. Cell fractionation and extraction by cold 
osmotic shock confirmed the presence of (3-lactamase 
activity in the periplasm, suggesting that the post- 
transcriptional maturation of the fusion BlaP/Smal-pRl 
protein does not result in formation of inclusion bodies 
and bulking of the cytoplasmic membrane. 

Western blot analysis (Fig. 3) and [^-lactamase assays 
(data not shown) on purified phage particles confirmed the 
display of functional (^-lactamases in fusion with pHI on 
the surface of the phages. E. coli TGI infected with 
purified fdTet BlaP/Smal phages grew in the presence of 
both tetracyline (7.5 ug ml" 1 ) and ampicillin ( 10 ug ml" 1 ). 
This demonstrates i 1 activity is not altered 

by the display ofBlaP in fusion with pIEI. 

3.2. HA1 gene fragment library 

The HA I gene was PGR amplified both to obtain 
large quantities of template and to frrrm the source of 
contaminating DNA for the construction of t 

kDa MW A B C 

250 — 1 

, : 

150 

. «*■ 

100 

- performed with purified 

phages and rabbit anti-B/u- 

pi , ,s Bla? without insert and Bla? with 1 50 bp 

of pill and£/aP-pIU proteins are about 70 and 100 kDa, respectively. 



Random DNa.se digestions were performed to pro- 
duce HA 1 gene fragments in the range of 50-300 bp. 
The fragments were successively end-repaired and 
dephosphorylated to prevent cloning of two or more 
fragments in the BlaP/Smal gene. The ligation was done 
in the presence of Smal to prevent self-ligation of the 
fdTet BlaP/Smal vector. 

A primary library of 4x10*" transformants was 
obtained on LB agar supplemented with tetracycline 
(7.5 ug ml" 1 ) and ampicillin (10 ug ml" 1 ). A PGR 
analysis was performed on individual colonies to check 
the presence of //.! I gene fragments in the BlaP/Smal 
gene. More than 95 rfrihe tetracycline and anipieillin 
resistant clones were controlled as recombinants. The 
size distribution of !p to 300 bp. Western 

blot analysis confirmed the presence of hybrid p>- 

An infection step was performed to eliminate non- 
infectious phages. This was done by infecting E. coli 
TGI with phages derived from the primary transfor- 
mants. As previously, PGR analysis revealed that more 
than 95% of the clones were recombinants. 

3.3. Epitope mapping 

Phages derived from the second library were 
prepared and selected on immobilised anti-HA MAb 
according to the procedure described in Fig. 4. Eluted 
phages were used to infect E. coli TGI. Three rounds of 
affinity selection were performed. The PGR analysis 
indicates that 50% of the clones express the HA epitope 
after one round of affinity selection. This percentage 
reaches 100% after the second round of panning. The 
nucleotide sequences of the clones from the second 
round of panning are presented in Fig. 5. These confirm 
the presence of the epitope in protein fragments of 
variable sizes. The multiple alignment allows the 
epitope to be accurately positioned in the primary 
structure of HA I. The sequencing of the clones from the 
third round of panning indicates a much lesser diversity 
of the fragments harbouring the epitope (data not 
shown). In consequence, if the redundant fragment is 
too long, the epitope cannot be precisely assigned. For 
instance in Fig. 5, if additional panning round reduces 
the diversity to fragments 1-6, the consensus epitope 
will be 42 residues long rather than 12. 

3.4. Use of the ^-lactamase activity to monitor the 



In our procedure, enrichment ofthe library is not only 
based on the affinity of phages for antibodies but also 
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(A) 

Influenza virus HA1 

QDLPGNDNST ATLCLGHHAV PNGTLVKTIT NDQIBVTNAT ELVQSSSTGK ICNNPHRILD 



51 GIDCTLIDAL LGDPHCDGFQ NETWDLFVER SKAFSNC YPY DVPDYA SLR1 LVASS3T1EF 

101 ITEGFTWTEV TQNGGSNACK RGPGSGFFSR LNWLTKSGST YPVLKVTMPN NDNFDKLYIW 

1 51 U C - _ - - - T T F F F F - ) ¥ , 

201 1DVLVINSNGN LIAPRGYFKM RTGKSSTMRS DAPTDTCTSE CITPNGSIPN DKPFQNVNKI 

251 TYGACPKYVK QNTLKLATGM RNVPEKQT 

(B) 

Cl 1 FVERSKAFSNCYPYDVPDYASLRSLVASSGTLEF ITEGFTWTEV 

CI 2 VERSKAFSNC YPYDVPDYA SLRSLVASSGTLEFITEGFTWTEVTQMGGS 

Cl 3 /LPSKAI NCYPYDVTDYASLRSLVASSGTLEFITEGFTWTEVTQNGG 

Cl 4 TFFc ^ f LRSLVASSGTLEFITEGFTWTEV 

Cl 5 VERSKAFSNCYPYDVPDYASLRSLVASSGTLEFITEGFTWTEV 

Cl 6 ERSKS I - : r . i RS L VAS SGT LEF I TEGFTVfTE VTQNGG SNACKRG PGSG F F S 

Cl 7 RSKAFSNC YPYDVPDYA SL 

C 1 b RSfrAraHCyPyDVPDY7\SLRSLVASSGTLEFITEGFTWTEVTQNGGSNACKRGPGSGFFSRLNWLTKSEV 

Cl 9 NC YPYDVPDYA SLRSLVA5SGTLEFITEGFTWTEVTQN 

Cl 10 CYPYDVPDYASLRSLVASSGTLEFITEGFTWTEV 

Cl 11 NC YPYDVPDYA SL 



Consensus CYPYDVtM 

Fig. 5. Epitope mapping k > 1 \b (A) Amino acid sequence of tin Ml u , i , ' , i 

1 Vi-tsit file second round of|>:ii!i!ii!;'. uviv ..cescSKvd A e : ;li;il ■ ■ , , ill nnient is presented I hi ' corresponding to >, epitope recognised 

by the anti-HA MAb are underlined. 

op ritii •> I't''" •> p i r tnted cells 
during the ail'.i^ .<. phat/e- 

infected cells are grown in a liquid medium supple- 
mented with ampicillin. Under these conditions, the 
bacterial growth is di • . d with antibioresis- 

le fusion 5/aP/pIII 

protein confers resistance to I'- -lactams ro infected cells. 

i'l;, ''shows 'In: ni!eh<' '■>:: ,,-..' • Ls.eendse nctiviryon 
anti-//.l MAb dumv 

These experiment-, indicate a i ease of the 

immobilised [J-lactamase act 

panning. According to PC • >ed above, 

this is due to the significant c . ; library in 

phages harbouring the good epitope. For the second and 
third rounds of panning, the immobilised ( '.-lactamase 
ise but more moderately. This 
can be partially explained by the fact that all the phages 
harbour the good epitope and that the two determining 
factors are the competition between phages for the 
binding to anti-HA MAb and the competition between 
phage-infected cells during growth in liquid medium. 
The sequencing of phages has revealed that the epitope 



was present in fragments of variable sizes (Fig. 5) and 
consequently with distinct folds and solvent accessibil- 
ity. This could modulate the affinity of the anti-//. J MAb 
for the hybrid p> -lactamases and, in consequence, when 



E 0.5 
*Z 0.4 



Initial library Cycle 1 

■ - MAb anti-HA 



Cycle 2 Cycle 3 

□ + MAb anti-HA 



Fig. 6. Monitoring of the phage library cm 

assays were performed m tht pres nee oi in !' > ih of coal I 
MAb anti-HA (1 jig). Nitrocefin (100 |iM) ^ 

same phage tire i " 10" phages per we'.', i was a see a . il.. s---as ■ 
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Three biopanning steps \u 

liquid culture n nted with tetracycline (7.5 fig ml" ') 
■ - . ' : - 

2: : < sh' nil us 

.'! and flu.' sokvtiun iiipibi:.'.... :>>!■.:. aa; a.aaa u a-. ivxNa! hi! !.B ayar 
US'. I! ■ ill!! n:- ■ I! i ( H ! , , 



i. the 



cefin. 



the t; 
iacki 



ind on the sohd phase U\ > 
hages are selected as a function of their 
relative affinities. Not unexpectedly, the display of 
random polypeptides in the BlaP [^-lactamase generates 
hybrid proteins with different kinetic parameters. Under 
our selection conditions, we found that the catalytic 
efficiencies (/c ca t/^m) of the selected hybrid proteins 
were in the range of 3-28 uJVT 1 s _) on nitrocefin. 
The growth of phage-infected bacteria in the presence of 
a ("i-lactam allows the selection of those transformants 
which secrete the most efficient hybrid (5 -lactamases. 
The data reported in Table 2 are in agreement with this 
hypothesis since the catalytic efficiencies {kcJK^) of 
the phage libraries increase during successive rounds of 



ng. To 



alculate 1 



lib;- 



Moreover, it appears 
hybrid proteins can 
lactam concentration 
medium when prepari 



global /c cat and K m values of 
: assumed that each 
hybrid (3 -lactamase, 
tion of very efficient 
by increasing the pi- 
ll - ) in the culture 
)articles(25 ugmF 1 ) 
ia(100|a,gml l ). 



1.5.. 

The reference method to measure the interaction 
between a phage and its target ligand is time-consuming 
because it is based on the i peroxidase 
conjugated anti-pVIII MAb. This is not the case when 
using the intrinsic [^-lactamase activity carried by the 
fdTet BlaP/Smal phage. The length of this filamentous 
phage is about I urn and it contains a circular ssDNA 
wrapped inside an assemblage of 2670 copies of the 
major coat protein pVIII. The head region of the phage 
plays a crucial role for binding to the host cell. This 
only five copies of pin. Consequently, 



it is difficult to estimate the 1 ometry when 

using anti-pViii MAb. The data pi 
show that the sensitivity levels of the [J-lactamase and 
peroxidase assays are similar. As a negative control, the 
fdTet BlaP/Smal phage without insert in the ^-lactamase 
, increasing 

quantities of anti-//. ! MAb (0-200 ng) were coated on 
microplates in carbonate buffer. The experiments were 
pertoniied with the --eiir- ph -. ;; e litres. 



(if purilicd hit;:;in.-<n!a,' hybrid 
proteins in immunoassays 

I he pene o.iinp. v,r ; , hybrid p. laelantase display 

ing only the II. i ep suhcloned in the 

full constitutive e\p> • oi pNY. The protein 
. - 1 ■!»> am) purified by 

. • i ii thanks to a 



( A ) 



| 0.4 
I 03 



(B) 



Coated MAb anti-HA (ng) 

♦ fdTet BlaP/Smal ■ fdTet BlaP HA 



1 T * 



Coated MAb anti-HA (ng) 

♦ fdTet BlaP/Smal ■ fdTet BlaP HA 

rig. ~. C oinyaratye yiiaaya, a .... a ...[:..;.: -aa a 

< \) The reference m hi . 

peroxidase conjugated anti-PVIU V icthoit using the 

performed in the presence of increasi 

II A. All assays were performed with the same pha tit! " la 1 
phages per well). 
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Table 3 

Kinetic studies of hybrid fi-lactamases 



Enzymes 


K m (iiM) k QM ■ (s "') 


k c JK m OiM-'s- 1 ) 


BlaPHA (25 °C) 


48±2 1350+50 


28 ±1 


BlaP Smal (25 °C) 


48±1 1260±14 




BlaP WT (37 °C) 


35 1800 


51 



BlaP Smal and BlaP HA correspond to the engineered form of BlaP 
without insert and to a hybrid , - ' .ng only the 

'ju to the HA epitope. The substrate was 
inltvu.vlitf 'Ilk- \:.;;. : • i;v>! I- Hie d:if:i iv:H>rtr,! tor r!k* 

wild type enzyme BlaP WT (Matagne et al, 1990). 



polyhistidine tag at the C-terminal end of BlaP. The 
K m and /c cat values of the purified hybrid p-lactamase 
were similar to those of the native and BlaP /Smal 
enzymes (Table 3). No significant change in the 
catalytic efficiency (k cat /K m ) was observed upon 
antibody binding suggesting that the interaction does 
not induce t at the 

level of the active site (data not shown). The 
dissociation constant (K (1 ) of the BlaP HA-uaA-HA 
MAb complex was deduced from ELISA titrations of 
unbound BlaP HA in the presence of increasing 
concentrations of anti-HA MAb (Fig. 8) yielding a K (i 
value of about 0.68 nM. 

We have studied the possibility of using the ("i-lac- 
tamase as a carrier protein for displaying epitopes on a 
solid-phase for performing ELIS As (Fig. 9). The coating 
was done in PBS and the detection of the hybrid protein 
was performed with horseradish peroxidase conjugated 
anti-HA MAb. The titration curve clearly indicates the 
validity of such an approach. A good correlation is 




[Mab anti-HA] (nM) 

Fig. 8. Titration curve of 1 1 

-.tig concentra- 
tions of MAb anti-HA. The concentration of free BlaP HA at 
; mi t ^ on ^ i -\ b inicroixate-, bv 

the . -l.icijL-Uif acti\ ;t>. 



Coated purified protein (ng) 

« Purified BlaP HA g Purified BlaP/Smat 



Fig. 9. Useofhybrk 



ve antigen in 
ia\ and BlaP 
e conjugated 



obseived bt J peroxidase activity 

and the amount of coated hybrid p>-lactamase in the 
range from 5 to 100 ng. This suggests that the solvent 
accessibility of the HA epitope is not altered when the 
hybrid protein is coated. Another interesting aspect of 
the technique results from the fact that the (J -lactamase 
activity can be measured to verify the coating efficiency 
and to quantify the coated protein. Fig. 10 compares the 
immobilised ^-lactamase activities on microplates after 
coating of increasing concentrations of BlaPHA in 
phosphate buffer saline and carbonate buffer. These 
results indicate that the coating seems to be more 
efficient in phosphate buffered saline. In parallel, we 
performed a limited study on the human seroprevalence 
to the BlaP I Smal (i-lactamase. Fifteen sera were tested 



E 

8 0.8 

























n 








m m fh 



Coated BiaP HA (ng) 

□ PBS ■ Carbonate buffer 



Fig. 10. Comparison of coating conditions. The effic 
coating (carbonate buffer or PBS) was compared by r 
immobilised (i-lactamase activity. 
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for the presence of imt\-BlaP/Smal IgG. No seropreva- 
lence against the protein was observed (data not shown). 

4. Discussion 

In immunology, epitope mapping is used to study 
antigen/antibody (B-cell epitope) or antigen/T cell 
receptor (T cell epitope) interactions, develop immu- 
noassays, identify neutralising sites, produce protective 
peptide vaccines, develop hypoallergens, investigate the 
pathogenesis of autoimmune diseases, etc. Moreover, all 
the epitope mapping techniques share a common 
characteristic: the epitope is always mapped in an 
unusable form which can not be directly used throughout 
the R and D process. 

In this study, we have demonstrated that the hybrid 
^-lactamase technology, when coupled with phage 
display, not only identifies protein regions involved in 
protein-protein interactions but also supplies useful 
molecules where these regions are linked to an enzy- 
matic activity. We have validated this approach for 
making an influenza virus hemagglutinin (HAl) gene 
fragment library and selecting a linear epitope recog- 
nised by a monoclonal antibody. The results have shown 
itl 'n*. selection 

of phages and growth of phage-infected cells in the 
presence of ^-lactams permits the selection of bifunc- 
tional hybrid (J -lactamases with high affinity for the 
target ligand and good kinetic parameters. We have 
demonstrated that modifying the ^-lactam concentration 
in the culture medium allows a positive selection of 

hybrid p lactamases that retain a native-like catalytic 

efficiency. This is a useful tool to accelerate the 
convergent vektTu) d [i-lactamases. 

PCR analysis and mieicvdyio voaenviivj nave revealed 
that the BhiV 

polypeptides belonging lo the same protein domain. It is 
thus expected that tlia 
a function of the inser. 

an r epitopes. 

This work is currently underway. 

Compared to do— cedures, a 

useful aspect of the proposed technique results from the 
abild) to i -v :Vv ,v activity carried by phages 

as a reporter enzyme to di • z z . tfic phage 

interactions. This work shows that the selected Afunc- 
tional hybrid (5 -lactamases can be easily overproduced 
in E. coli, purified and utilised in immunoassays. Other 
applications can be envisaged. Indeed, Afunctional hybrid 
[^-lactamases can be utilised in biosensor and affinity 
chromatography development, drug screening, drug 
vaccine development, and production and 



selection of hybridoma. In conclusion, hybrid f> -lactamase 
technology offers new opportunities in epitope mapping 
and permits the development of new tools of interest for 
diverse applications. 
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